This study examined how aging compromises coordinative eye-hand movements with multiple segments. Older adults and young controls performed two-segment movements with the eyes only or with the eyes and hand together. The results showed minimal age-related changes on the initiation and execution of primary saccade during the first segment. However, the older adults showed a scaling problem of saccade velocity when hand movements were included. They were also slow in stabilizing gaze fixation to the first target. Regarding hand movements, the older adults pronouncedly increased the deceleration phase compared with the controls while fixating their gazes to the target. They also increased the intersegment interval for both eye and hand movements. Taken together, aging differentially affects various components of movements, which contributes to the slowness of overall performance.
& Kato, 1984) . The amplitude of saccades does not differ between young and older adults (Abrams et al., 1998; Moschner & Baloh, 1994; Pratt et al., 2006 for volitional saccades; Warabi et al., 1984) , while it is shorter for older adults (Pratt et al., 2006 for reflexive saccade). Some studies showed a decreased peak velocity of saccades in older adults (Moschner & Baloh, 1994; Warabi et al., 1984) , while others reported no age differences (Abrams et al., 1998; Munoz et al., 1998; Pratt et al. 2006) .
In contrast to the execution of saccades, age-related deficits in the initiation of saccades are more apparent. Older adults produced a longer saccadic reaction time than young adults in the majority of studies (e.g., Abel & Douglas, 2007; Pratt et al. 2006 for reflexive saccade; Warabi et al., 1984) . However, a couple of studies found no age difference for volitional saccades (Abrams et al., 1998; Pratt et al., 2006) .
As described above, age-related deficits in oculomotor and limb-motor functions in older adults have previously been examined, but in a separate set of studies for each function. Influences of hand movements on the control of saccades have also been documented in young adults (Bekkering, Adam, van den Aarssen, Kingma, Whiting, 1995; Lünenburger, Kutz, & Hoffmann, 2000) . However, strikingly little is known about how aging affects the control of saccades and eye-hand coordination when eye movements are used to facilitate goal-directed manual movements. This issue is very important because most of daily-life activities are visually guided movements, and eye-hand coordination is vital for interaction with the surrounding environment.
To our knowledge, only Warabi and colleagues previously examined this aspect in discrete aiming movements (Warabi, Noda, & Kato, 1986) . Thus, age-related deficits in eye-hand coordination remain unknown for complex hand movements, such as sequencing multiple segments and imposing an accuracy requirement. The purpose of this study, therefore, was to examine how aging compromises the control of saccades and eye-hand coordination for hand movements with a two-segment sequence. We sought to determine which movement parameter(s) among two effectors (eye, hand) are most affected by aging, and whether they are influenced by imposing an accuracy constraint on concurrent execution of eye and hand movements. For this purpose, a two-segment movement task was performed with either the eye only (single task) or both the eye and hand (dual task). Accuracy constraint of movements was manipulated by altering the target size of the initial segment within a two-segment sequence.
There are several different sensorimotor processes involved for planning and execution of a two-segment movement. First, to plan a pointing movement to the initial target, the target location is perceived and stored in an eye-centered frame of reference (Goldberg & Bruce, 1990 ). Subsequently, a series of sensorimotor transformations is presumably taken place from the eye-centered frame to headcentered, body-centered, and hand-centered frames to specify the hand movement (Pouget, Ducom, Torri, & Bavelier, 2002) . These processes are reflected in reaction time. After the completion of a saccade to the target, accurate target information becomes available to update the planning of on-going pointing movement (Prablanc, Echallier, Jeannerod, & Komilis, 1979) . During the deceleration phase of arm movement, sensory information (vision and proprioception) regarding the dynamic state of the hand relative to the target is processed for guiding the hand to the target. Finally, when the hand reaches the initial target, hand termination is visually assessed, and the next pointing movement is planned based on that visual information (Rand & Stelmach, 2010) . This process is reflected in the latency of gaze shift to the second target.
As examplified above, several sensorimotor processes are involved in different phases of the two-segment movements. If age-related deficits are consistently found in all parameters from both effectors, it would suggest that a unitary factor, such as a global-information-processing deficit (Salthouse, 1985) is attributed to the age-related changes in coordinated eye and hand movements. Conversely, if age-related changes are selective to a specific effector or specific phase(s) of movements, it would suggest that these changes are not a result of the global slowing of processing speed, but are rather due to problems associated with specific control processes.
Material and Methods

Participants
Seventeen older adults (mean ± SD = 74.0 ± 3.9 years old; 8 males and 9 females) and seventeen young controls (mean ± SD = 23.1 ± 3.8 years old; 9 males and 8 females) participated in the study. All participants filled out a health-history questionnaire to exclude those who had a history of patients with diabetes, stroke, arthritis, or other neurological or movement impairments. All participants selfreported that they were free of any eye disease, such as a cataract. To assess general cognitive function, the Mini-Mental State Exam (MMSE, Folstein, Folstein, & McHugh, 1975) was administered to all participants; everyone fell in the normal range. The average total score and attention score of MMSE were 29.5 ± 1.4 (mean ± SD) and 4.9 ± 0.5 for the older adults, respectively, and 29.9 ± 0.3 and 4.9 ± 0.2 for the young controls, respectively. All participants were right-handed and had normal or corrected-to-normal visual acuity. Everyone was able to read text typed in Arial 12 font presented on a table at a distance of 60 cm. This study was approved by Arizona State University's Institutional Review Board overseeing the use of human subjects in research. All participants provided written informed consent before participation. Figure 1 shows a schematic depiction of the experimental setup. A similar experimental setting was used in our previous study (Rand & Stelmach, 2010) . The participants were comfortably seated in front of a table on which a starting position (SP, 5 mm in diameter), a first target (T1) and second target (T2, 5 mm in diameter) were horizontally aligned and displayed in black on a white background. The index of difficulty (ID) of T2 was 5.3 (Fitts, 1954) . To manipulate terminal accuracy requirement of the first segment, T1 had two sizes (5 mm [ID: 6.3] or 40 mm [ID: 3.3] ). T1 and T2 were located 20 cm and 30 cm left of SP, respectively. The table was tilted at a 45° angle from the horizontal. T1 was aligned along the participant's midline. The viewing distance of the head relative to T1 was 60 cm, resulting in that visual angles from the SP to T1 and from T1 to T2 were 18.4° and 9.5°, respectively. The SP, T1 and T2 were present throughout a trial.
Apparatus
Participants' hand movements were recorded at 240 Hz by using an Optotrak three-dimensional system (Northern Digital). Horizontal eye movements were recorded by using ASL Eye-Trac 6000 (Applied Science Laboratories). This noninvasive system, which is based on using infrared light to visualize the pupil, samples the movement of each eye as well as the head at 240 Hz. The eye tracker was calibrated for each participant before data recording, using nine saccadic targets across the aforementioned table. Two sets of optotrak cameras were mounted in two separate elevated positions to visualize all infrared emitting diode markers (IREDs). The IREDs were attached to the tip of a stylus for pointing, three corners of the table top, and on six locations of a rigid-body panel (HR-06221, Northern Digital) mounted to the back of a headgear with which the ASL eye cameras were attached (Figure 1 , side view). The eye tracker was calibrated in relation to the Optotrak system using x, y, z coordinates of three IREDs placed on the table, so that ocular gaze coordinates (the intersection of gaze direction with the table) and the position of the stylus tip were transformed to a common coordinate system. Head position during participants' performance was not restrained and was recorded from the six IREDs on the rigid-body panel of the headgear. Head position and the angles of the eyes in the head allowed the calculation of the ocular gaze coordinates on Figure 1 -The experimental setup. The Optotrak system was used for hand movement recording, and the ASL eye tracker was used for eye movement recording. Two-segment movements were made from a starting position (SP) to a first target (T1), and then to a second target (T2). Two different target sizes (0.5 cm and 4.0 cm in diameter) were used for T1 to vary the accuracy constraint. See further details in Material and Methods. the table by the ASL eye tracker. Spatial resolution of the Optotrak system was 0.01 mm, and that of the ASL system was 0.1 degree. To synchronize the Optotrak and ASL systems, the Optotrak controlled the initiation of data recording of both devices. Time of a go-signal was also recorded as a positive leading edge of a TTL signal by the Optotrak system. The participant's gaze position during the experiment was displayed on-line on a computer screen viewed by the experimenters, thereby enabling them to monitor the participant's performance during each trial.
Procedure
To examine how eye movements were influenced by the involvement of hand movements, participants performed two-segment movements under two movement-type conditions. One was the eye-only condition (single task), where participants made saccadic eye movements to T1 (first segment) and subsequently to T2 (second segment). The other was the eye-hand condition (dual task), where participants held a nonink stylus as a pointing device and made pointing movements to T1 (first segment) and subsequently to T2 (second segment).
At the beginning of each trial, the participants fixated their gaze on the SP and placed the tip of the pen on the SP (only in the eye-hand condition), and then the examiner said "ready." After a random delay of between one and two seconds, an auditory go-signal was delivered. In response to the go-signal, the participants initiated the two-segment movements. All participants were instructed to terminate movements at each target to make distinct two-segment movements. However, it was emphasized in the instructions that the goal of the task was to reach T2 as quickly and accurately as possible. Participants were encouraged to make no errors at either target. For the eye-hand condition, no specific instruction was given regarding which effector (eye or hand) to be initiated first. Each participant performed pointing movements in a natural way, and eye movements accompanied the pointing movements. Participants were also instructed to slide the pen tip on the table surface during movements to maximize the control requirement of hand movement termination.
Two movement types (single task vs. dual task) and two target sizes combined yielded 4 conditions. A few familiarization trials were performed before collecting the experimental trials of each condition, so that participants were fully confident with the task requirements. A block of 10 trials was recorded for each condition. The order of all four conditions were randomized and counterbalanced across participants to reduce practice and fatigue effects. When a participant made obvious errors during tasks (such as missing the targets or initiating the movements before the go-signal), that trial was redone at the end of each condition. Otherwise, no feedback about the performance or movement time of pointing was provided to each participant. A total of 40 trials were analyzed.
Data Analysis
Because the first segment had two target sizes, most influences of the accuracy requirements were expected to emerge on first segment movements and at the transition from the 1st segment to the 2nd segment. Data analyses were focused on these parts of two-segment movements. For the analysis of hand movement, velocity was calculated as the first derivative of horizontal position data.
Derivatives were calculated using the sliding window technique, where the data points within the window (the window width was 7 points) were approximated with a quadratic polynomial. The polynomial was then used for calculating the analytic derivative at the window's center. Thus, calculating derivatives using this method also provided data filtering. Subsequently, time and amplitude of peak velocity of the first segment movement were determined when the velocity reached its maximum during that segment. Movement onsets of the first and the second segments were determined as the first data point after a velocity threshold (15 mm/s) was reached. Movement offset of the first segment was detected when velocity fell below 15 mm/s. This criterion was determined empirically by examining a large sample of hand velocity profiles (Rand & Stelmach, 2010) . These landmarks were first automatically detected using computer software. Subsequently, the results of this automatic procedure were inspected and corrected manually, if necessary. Reaction time was measured from the go-signal to the movement onset to T1. Movement duration was measured from the onset to the offset. Acceleration time and deceleration time were measured from the onset to the peak velocity and from the peak velocity to the offset, respectively. To examine pointing accuracy to T1, an absolute distance between the center of T1 and the hand position at the time of hand movement offset was measured as an absolute error of pointing.
For the analysis of eye movement, velocity of saccades was calculated as the first derivative of horizontal position data from the left eye by applying a standard procedure of two-point signal differentiation. Data filtering was not performed to avoid any types of distortion of signal. Onset of primary saccade (for each segment) and onset of corrective saccades (for the first segment) were determined as the first data point after a velocity threshold (18.4°/s) was reached. Offset of primary saccade and offset of corrective saccades for the first segment were detected when velocity fell below 18.4°/s. This value was equivalent to 20 cm/s on gaze coordinates (the intersection of gaze direction with the table). This criterion was determined empirically by examining a large sample of eye velocity profiles (Rand & Stelmach, 2010) . Peak velocity of primary saccade to T1 was determined as the velocity value measured at the time when the velocity reached its maximum during that saccade. These landmarks were first automatically detected using computer software. Subsequently, the results obtained were inspected and corrected manually, if necessary. Reaction time was measured from the go-signal to the onset of a primary saccade to T1. The time delay of pointing initiation relative to the saccade initiation was measured from the onset of the primary saccade to the onset of a hand movement. To investigate if the onsets of eye and hand movements were temporally related to each other, within-subject Pearson correlation coefficients were calculated on a trial-by-trial basis between eye and hand reaction times to T1 for each condition for all participants. Duration of primary saccade to T1 was measured from the onset to offset. Amplitude of primary saccade to T1 was measured as a distance between two horizontal gaze locations recorded at the saccade onset and offset.
For the transition from the first to the second segment, an intersegment interval of saccades was measured from the offset of the primary saccade during the first segment (or last corrective saccade if a trial contained corrective saccades) to the onset of the primary saccade for the second segment. To assess whether gaze was anchored to the first target until pointing to that target was completed, hand offset -to-eye onset dwell time was measured from the offset of hand movement to T1 to the saccadic onset to T2.
For each participant, a mean value for ten trials within each trial block was obtained for each experimental condition. These mean values were used for statistical analysis. For statistical analysis of parameters related to only eye movements, a 2 (Group) × 2 (Movement type: single task vs. dual task) × 2 (Target size: small vs. large) ANOVA with repeated measures was applied to each of all variables. For statistical analysis of parameters related to only hand movements and those related to both eye and hand movements, a 2 (Group) × 2 (Target size) ANOVA with repeated measures was applied. The probability level for statistical significance was p < .05.
Results
Initiation of Saccades and Hand Movements for the First Segment
To examine if the older adults were slow to plan and prepare eye and/or hand movements, reaction time was measured for each effector.
Saccadic Reaction Time. Mean saccadic reaction times across two groups and across participants are plotted in Figure 2 . There was no group difference, no target size effect, and no movement type effect in saccadic reaction time of the first segment (p > .05 for each main effect). However, the target size by movement type interaction was significant (F(1,32)=5.2, p < .05). As seen in Figure 2 , the interaction was due to that the initiation of saccades was similar between two target sizes in a single task condition (eye-only), whereas the initiation of saccades was delayed for the small target compared with the large target in a dual task condition (eyehand). Thus, similar to the young adults, the older adults incorporated the accuracy constraint of hand movement into the planning of saccades under the dual task.
Hand Reaction Time. Hand reaction time was measured in the eye-hand condition. As expected from numerous previous studies in young adults (Bekkering et al., 1995; Lünenburger et al., 2000; Prablanc et al., 1979) and older adults (Warabi et al., 1986) , the pointing initiation occurred later than the saccade initiation (Figure 2 ). In terms of aging effect, reaction time of hand movements toward T1 did not significantly differ between the young and older participants (p > .05). However, there was a tendency of longer latency for the small T1 than for the large T1 (F(1,32)=3.2, 0.05<p < .1). As an additional analysis, the time delay of pointing initiation relative to the saccade initiation was measured. Saccade initiation preceded the pointing initiation for 28 ms on average across two groups and two target-sizes. No significant main effect was found for the time delay.
Correlation Between Hand and Saccadic Initiations. To further assess if the initiations of the eye and hand movements were coordinated in time, any correlation between the hand and saccadic reaction times was measured for each condition within each participant. Moderate to high correlations between saccadic and hand reaction times were found. Average correlation coefficient across participants for the large T1 was 0.74 ± 0.05 [SE] for the young adults and 0.70 ± 0.06 for the older adults. The coefficient for the small T1 was 0.62 ± 0.08 for the young adults and 0.57 ± 0.07 for the older adults. While there was no group difference (p > .05), the coefficient was significantly lower for the small target than for the large target (F(1,32)=6.7, p < .05). In summary, the older adults did not differ from the young adults for the initiation of the saccades and hand movements.
Execution of Hand Movements During the First Segment
Before describing the influence of hand movement on saccade, characteristics of hand movements during the eye-hand condition are reported.
Hand Movement Accuracy. To examine if the participants altered the accuracy of their hand movements in response to different accuracy requirements, absolute error of pointing movements was measured for the horizontal axis. The average absolute error across all young adults was 5.3 ± 2.4 (mean ± SE) mm for the large T1 and 2.2 ± 1.0 mm for the small T1. The comparable values across all older adults were 4.2 ± 1.8 mm and 1.8 ± 0.9 mm, respectively. Thus, participants from both groups made more accurate pointing movements for the condition with a higher accuracy requirement. Accordingly, the target size main effect was significant (F(1,32)=49.3, p < .001). There was no other main effect.
Movement Time, Acceleration Time, and Deceleration Time. As expected from numerous previous studies that have reported pronounced movement slowing of older adults, especially in the deceleration phase (Cooke et al., 1989; Ketcham et al., 2002) , the older adults made significantly slower pointing movements than young adults (movement time: F(1,32)=18.5, p < .001). Average movement time across participants, divided into acceleration and deceleration phases, is plotted in Figure 3 . The older adults were slow for both acceleration and deceleration phases (acceleration time: F(1,32)=9.8, p < .01; deceleration time: F(1,32)=18.5, p < .001). Pointing was significantly slower for the small T1 compared with the large T1 for both groups (movement time: F(1,32) =75.9, p < .001; acceleration time: F(1,32)=5.2, p < .05; deceleration time: F(1,32)=80.9, p < .001). Slowness of movements in the older adults was accentuated for the small T1 due to a prolongation of the deceleration phase (Figure 3) . Accordingly, there was a significant interaction between group and target size for the movement time (F(1,32) =7.7, p < .01) and the deceleration time (F(1,32) =9.0, p < .01).
Peak Velocity. Mean peak velocity of hand pointing across participants was 591 ± 61 (SE) and 503 ± 53 mm/sec for the large and small target, respectively, in the older group, and 824 ± 53 and 718 ± 46 mm/sec, respectively, in the young group. Peak velocities of the older group were significantly lower than those of the young group (F(1,32)=9.3, p < .01). Across the two groups, peak velocity was significantly lower for the small T1 compared with the large T1 (F(1,32)=25.3, p < .001). No other main effect was found. In summary, the slowness of hand movements in the older adults is unequivocal. Their slowness during the deceleration phase was magnified when a high accuracy constraint was imposed.
Execution of Saccades During the First Segment
Duration, Peak Velocity, and Amplitude of Primary Saccade. The duration of primary saccade to T1 did not differ significantly between groups (young: 65 ± 2 [SE] ms; old: 68 ± 3 ms, p > .05). The saccadic duration was slightly but significantly shortened for the dual condition (65 ± 2 ms) compared with the single condition (67 ± 2 ms, F(1,32)=5.7, p<0.05). There was no other main effect. No significant group main effect or target size effect was found in peak velocity of primary saccade (p > .05, Figure 4A ). There was a significant main effect of movement type (F(1,32)=5.3, p < .05). Importantly, the group by movement type interaction was also significant (F(1,32)=7.5, p < .01). As can be seen in Figure 4A , this was due to that the older adults decreased the peak velocity from the single (eye-only) to dual (eye-hand) tasks, while young adults maintained a similar velocity for both tasks.
The older adults tended to make a shorter saccadic amplitude compared with the young adults ( Figure 4B, F(1,32) =2.9, 0.05<p < .1). Across groups, the saccadic amplitude was significantly smaller for the dual task than for the single task (F(1,32) =22.3, p < .001). There was also a tendency of interaction among group, movement type, and target size (F(1,32)=2.9, 0.05<p < .1). As seen in Figure 4B , the target size tended to affect the saccadic amplitude differentially between the single and dual tasks for the older adults, whereas the target size effect on the amplitude was similar across the two tasks for the young adults.
Frequency of Corrective Saccades and Time of Visual Capture.
After completing their primary saccade, the participants often made some corrective saccades before gaze was stabilized at T1. The percentage of trials containing corrective saccades was calculated for each participant, and mean values across participants are plotted in Figure 5A . The older adults made corrective saccades more frequently than the young adults (F(1,32)=7.2, p < .05). The corrective saccades were made more frequently for the small target than for the large target (F(1,32)=49.1, p < .001) and for the dual task than for the single task (F(1,32)=14.8, p < .01). No other main effect was found.
For trials containing corrective saccades, the time of visual capture was measured from the onset of primary saccade to the end of last corrective saccade to examine the time spent to stabilize the gaze fixation ( Figure 5B ). The older adults spent a significantly longer time to stabilize the gaze than the young adults (F(1,32) =12.3, p < .01). The gaze stabilization was significantly delayed for the small T1 compared with the large T1 (F(1,32) =18.4, p < .01). The time of visual capture was also longer for the dual task than for the single task (F(1,32) =13.3, p < .001), indicating that the hand movements interfered with the gaze stabilization for both groups. This interference was more pronounced for the older adults compared with the young adults ( Figure 5B ). Accordingly, a tendency of an interaction between group and movement type was observed (F(1,32) =3.07, 0.05<p < .1). In summary, the primary saccade in the older adults was relatively well preserved. However, the older adults made corrective saccades more frequently and took a longer time to stabilize the gaze than young adults.
Transition from the First Segment to the Second Segment
Intersegment Interval of Saccadic Eye Movements. The time that the eyes spent at the transition from the first segment to the second (i.e., intersegment interval) was measured and plotted in Figure 6A . The older adults made a significantly longer intersegment interval compared with the young adults (F(1,32)=19.1, (A) are presented for the eye-only and eye-hand conditions. Mean hand offset -to-eye onset dwell times (B) and mean eye to hand latencies for the second segment (C) are presented for the eye-hand condition. L and S refer to the large and small T1 conditions, respectively. The error bars represent the SE. p < .001). The interval was significantly longer for the small target compared with the large target (F(1,32)=103.4, p < .001) and for the dual condition compared with the single condition (F(1,32)=126.3, p < .001). The difference in that interval between the groups was also accentuated in the dual task condition compared with the single task condition, and hence the group by movement type interaction was significant (F(1,32) =12.2, p < .01). There were also significant interactions between movement type and target size (F(1,32) =60.8, p < .001) and between group, movement type and target size (F(1,32) =7.1, p < .05). These effects were due to that the target size did not affect the interval in the single task condition, whereas the older adults disproportionately increased the interval for the small target compared with the large target in the dual task condition (see Figure 6A) . The intersegment interval during the dual task condition was mainly influenced by the fact that gaze stayed at T1 until the hand reached to that target, showing gaze anchoring (Rand & Stelmach, 2010 , see next section). Consequently, the slowness during the deceleration phase of the hand movement in the older adults especially toward the small target (Figure 3 ) caused the lengthening of the intersegment interval of eye movements for this group.
Dwell Time from Hand Offset at T1 to Eye Onset to T2 and Eye-Hand Latency
to T2. To investigate if the gaze stayed at T1 until the hand reached that target in the eye-hand condition, gaze shift latency to T2 from the hand offset at T1 (Hand offset -to-eye onset dwell time) was measured ( Figure 6B ). The positive values of this parameter have indicated gaze anchoring, namely, the gaze continued to stay at T1 for a short period after the hand reached that target. The initiation of saccades to T2 was significantly delayed for the older adults compared with the young adults (F(1,32)=8.9, p < .01). This delay was significantly increased for the small target compared with the large target (F(1,32)=48.6, p < .001). No interaction effect was found.
To examine if the pointing movement to T2 was promptly initiated after the saccade initiation to T2, hand onset latency to T2 relative to eye onset to T2 was measured for the eye-hand condition ( Figure 6C ). The older adults significantly delayed the pointing initiation relative to eye onset compared with the young adults (F(1,32) =6.4, p < .05). This aging effect stood in contrast to the reaction time to T1, where there was no aging effect. The observed aging effect suggests a difficulty of older adults in planning and preparing hand movement in the middle of a sequence. Across both groups, the pointing to T2 was initiated faster for the small T1 than for the large T1 (F(1,32) =11.5, p < .01). This result suggests that part of planning of the hand movement toward the T2 was carried out before the saccadic initiation to T2. Thus, the long delay of the saccadic initiation to T2 under the small T1 condition ( Figure 6B ) resulted in shortening of the latency of pointing initiation to T2 for both groups ( Figure 6C ). In summary, similar to young adults, the older adults anchored the gaze to T1 until the completion of pointing. However, the older adults delayed to initiate both eye and hand movements to T2.
Discussion
Initiation of Eye and Hand Movements to T1
The older adults did not delay the initiation of saccades compared with the young adults, and responded in a similar manner as the young adults to the manipulations of target sizes and the involvement of the hand. For both groups, the saccade reaction time was prolonged as the accuracy constraint of T1 was increased. This happened only when the hand was included, but not when the eyes moved alone. These results suggest that the motor planning process takes into account an accuracy requirement of a given manual task and modulates the saccade initiation.
The older adults also well preserved the temporal eye-hand coordination for the movement initiation to T1. The onset latency of hand movement relative to saccadic onset was similar for both groups, which coincided with the previous study (Warabi et al., 1986) . Both groups also showed moderate correlations between the saccade and pointing initiations, being in agreement with other studies in young adults (Bekkering et al., 1995; Neggers & Bekkering, 1999) .
Contrary to our finding, Warabi and colleagues (1986) showed that older adults delayed saccadic initiation compared with the young adults in eye-only condition and further delayed that initiation in the eye-hand condition. This inconsistency between our study and theirs likely stems from different extents of response preparation and target-localization mechanisms. Warabi and colleagues examined saccades in a reflexive mode to a target that was presented as one out of multiple choices. Furthermore, the participants had to adapt the amplitudes of pointing to different sizes from those of saccades. In contrast, we examined saccades in a volitional mode, in which the targets were displayed before a go-signal in the same locations throughout the experiment. The participants also did not have to adapt pointing amplitude to match saccade amplitude. Therefore, possibly due to a great involvement of response preparation and target-localization mechanisms, the older adults in the study by Warabi and colleagues delayed saccade initiation.
Conversely, the older adults in our study did not delay the saccade initiation, likely because the involvement of those mechanisms was minimized (see also Pratt et al. 2006 and Abrams et al., 1998 for eye-only studies). Based on these interpretations, the present findings suggest that when the involvement of response preparation and target-localization mechanisms is limited, older adults can plan and initiate saccades without a delay even when the complexity of hand movements is taken into account for sequential movements.
Execution of Eye and Hand Movements
Age-related changes for the execution of primary saccade during the initial segment were not consistent among the parameters tested. Peak velocity showed the aging effect only under the dual task. Saccadic amplitude showed only a tendency of age-related shortening. Duration of saccade was unaffected by aging. These subtle age-related changes found in this study suggest that oculomotor function related to the primary saccade is relatively well preserved in old age, as Pratt et al. (2006) observed (see also Abrams et al., 1998) . Nevertheless, it is informative that the peak velocity of primary saccade in the older adults was decreased when the hand was included compared with when it was not included. As the older adults could produce similar peak velocity of saccades as the young adults during the single task, the capacity to produce fast saccades is intact for older adults. Thus, the decrease of saccades' peak velocity under the dual task indicates that older adults have a problem in scaling the speed of saccades when coordinating them with hand movements.
Contrary to the subtle age-related changes of primary saccade, aging clearly compromised the participants' capability to stabilize gaze fixation to the first target. Older adults made corrective saccades more frequently and were slower to stabilize the gaze fixation to the target than young adults ( Figure 5 ). This slowness tended to be pronounced by including hand movements. These age-related changes may be attributed to the fact that the older adults tended to make shorter primary saccades compared with the young adults ( Figure 4B ), thereby increasing a need to adjust gaze location to the target. However, it is also possible that a mechanism to stabilize a gaze and/or a mechanism of processing perifoveal retinal afferent signals to update target location for initiating corrective saccades (Prablanc & Jeannerod, 1975) have deteriorated with aging.
Age-related slowness of hand movements is unequivocal and most apparent in the deceleration phase, especially under a high accuracy constraint (Figure 3) . During the eye-hand condition, the time of visual capture ( Figure 5B ) was slightly longer than the acceleration time of hand movement ( Figure 3) for both groups. This indicates that gazes were already stabilized at T1 during the earliest phase of hand deceleration. Thus, the age-related slowness of hand movements observed during the deceleration phase is not caused by the possible interference from executing corrective saccades. It is rather caused by a deficit in sensory processing of visual input and motor output of the hand approaching to a target to terminate the pointing movement on the target (Warabi et al., 1986 ). This postulate is further supported by the pronounced movement slowing for the older adults under a high accuracy constraint, since the demands of sensory processing are enhanced by increasing pointing accuracy.
Transition Between Two Segments
In contrast to the movement initiation to T1, older adults were slower than young adults to switch the saccades from one segment to another even when eye movements were executed alone ( Figure 6A ). This finding is in agreement with a previous study that examined repetitive back and forth saccades in older adults (Abel & Douglas 2007) . Similarly, when the eyes and hand moved together, the initiation of saccades to T2 was delayed in the older adults after the pointing was completed to T1 ( Figure 6B ). At the same time, the pointing initiation to T2 was also delayed ( Figure 6C ). Since the older adults did not show any delay in saccadic reaction time or hand reaction time to T1, these delays were not caused by a general difficulty to initiate the saccades or pointing. Therefore, the delayed movement initiation for both effectors for the second segment indicates an age-related deficit in sequencing multiple movement segments.
These results suggest that older adults have a limited capacity in dealing with the complexity of movements that require higher order motor planning 1 . More specifically, the motor planning process operates well for one preplanned segment to T1. However, the process becomes insufficient when the movement becomes more complex requiring the planning of the second segment as well. This reflects a limitation in older adults to update the motor plan during a sequence or to plan for multiple segments in advance. This limited motor planning capability toward movement complexity can also account for the aforementioned discrepancy between the current work and that of Warabi and colleagues (1986) regarding the movement initiation to T1.
Neurophysiological Implications on Aging
Sequential Organization. Regarding neural substrates involved in integrating component segments into a functional unit as a sequence, neurophysiological studies and neuroimaging studies implicate frontal cortical areas, such as the premotor, and supplementary motor, and presupplementary motor areas (e.g., Nakamura, Sakai, Hikosaka, 1998; Samuel, Ceballos-Baumann, Blin, Uema, Boecker, Passingham, & et al., 1997) . These neural structures are known to decrease in volume with aging (Caserta, Bannon, Fernandez, Giunta, Schoenberg, & Tan, 2009 ). Consequently, it likely reduces the capacity of older adults to process information for organizing sequential movements.
Controlling Saccadic Velocity Under the Dual Task. Although the parameters related to the execution of primary saccade were relatively well preserved for older adults, saccadic peak velocity was significantly decreased for the older adults when the hand movement was involved ( Figure 4A ). As a possible mechanism for modifying saccadic velocity due to concomitant hand movements, Snyder and colleagues (Snyder, Calton, Dickinson, & Lawrence, 2002) hypothesized that a projection from reach-related cells of the superior colliculus (SC) to the brain stem saccade generators influences the activity level of those generators. Alternatively, they also suggested that an interaction between the lateral intraparietal area of the parietal cortex (LIP, which processes target information for planning of saccades) and the parietal reach region (PRR, which processes the same target information for planning of hand movements) changes target representation in the LIP. Thus, it can further be hypothesized that if these operations are not optimal in older adults, that might lead to the reduction of saccadic velocity under the dual task. Another possibility is that an increased information processing demand with hand use reduces the efficacy of the basal ganglia (BG)'s disinhibition mechanism onto the SC to produce saccades (Hikosaka, Takikawa, & Kawagoe, 2000) . It is known that the BG control both eye and hand movements (Hikosaka et al., 2000; Wichmann, & DeLong, 2003) , and that a dopamine loss of the BG occurs with aging (Kish, Shannak, Rajput, Deck, & Hornykiewicz, 1992) . Thus, a suboptimal BG function might also cause the reduction of saccadic velocity with concomitant hand movements in older adults.
On-line Sensorimotor Processing. Our study demonstrated that the most prominent age-related deterioration was the slowness of hand movements during the deceleration phase, while gazes were fixated to the pointing target. These results suggest that older adults have a difficulty in on-line sensorimotor processing of the approaching hand and a target. One possible underlying cause for this difficulty is an age-related proprioceptive degeneration and position sense deterioration (Hurley, Rees, & Newham, 1998; Romero, Van Gemmert, Adler, Bekkering, & Stelmach, 2003) . If these senses are deteriorated, older adults will experience difficulties with transforming proprioceptive information about the hand into a target-related coordinate system to determine (with sufficient precision) the dynamic state of the hand in relation to the target location during the reach. Consequently, this will require extra time for information processing, as observed in this study.
The same difficulty of the older adults in on-line sensorimotor processing may also have caused their delay in shifting the gaze from T1 to T2 ( Figure 6B ). In the case of young adults, the latency of gaze shift to T2 after the pointing completion to T1 was much shorter than the saccadic reaction time (Figure 2) . Thus, the planning of that gaze shift is likely initiated in a predictive manner before the pointing completion to T1 rather than in a reactive manner after that completion (Bowman, Johannson, & Flanagan, 2009 ). In such predictive control, rapid and accurate online processing of sensory information is important to estimate controlled objects' states (eye and hand) and their relation to the target. If older adults have a deficit in these sensory processes, that will require extra time for such estimation, thereby delaying the initiation of gaze shifts to the next segment.
Summary
The present study is one of the first to systematically investigate aging effects on eye and hand movements with a two-segment sequence made to predetermined targets. Age-related deficits for executing hand movements were clear for all hand-related parameters. Among those, only the deceleration phase showed differential slowing for the older adults by imposing a high accuracy constraint. In contrast, the deficits on executing eye movements were mixed, namely, the older adults preserved primary saccade relatively well, but not corrective saccades. Effects of accuracy constraint on saccades-related parameters were similar for both groups. Thus, age-related deficits are uneven across different effectors and parameters measured in various phases of movements. These findings suggest that age-related deficits during the coordinative eye and hand movements are not attributed to a unitary factor, such as a slowing of global information processing speed. Instead, various movement components are affected differently by aging and contribute differently to the slowness of overall performance. Slowness of the older adults found in this study suggest age-related deficits in on-line processing of sensory information and/or a limited capacity of information processing to plan and organize sequential actions. Note 1. We are indebted to an anonymous reviewer for this discussion.
